Background {#Sec1}
==========

Colorectal cancer (CRC) is one of the most frequently occurring malignant tumors of the digestive tract and its prevalence has risen rapidly in the recent years \[[@CR1]\]. Although the increased prevalence of chemoradiation therapy along with surgery has improved the regional and local control of CRC in patients with a locoregionally advanced level of the disease, the overall survival (OS) rate is still unsatisfactory \[[@CR2]\]. Moreover, few markers besides the TNM stage have been used as diagnostic criteria. Therefore, a better understanding of the molecular mechanisms associated with CRC is essential for improving its clinical outcome.

CIP2A (cancerous inhibitor of protein phosphatase 2A), which has been identified as a PP2A-interacting protein with endogenous growth, prevents the proteolytic degradation of C-myc by preventing PP2A-mediated dephosphorylation at serine 62 \[[@CR3]\]. MYC and CIP2A are regulated through a positive feedback loop, which promotes the expression of both proteins \[[@CR4]\]. Currently, it has been determined that CIP2A is overexpressed in the sera and cells of patients with different types of cancers, such as prostate, breast, and hepatocellular carcinoma (HCC) \[[@CR5]--[@CR8]\]. However, its application as an indicator, which can be detected in the sera of patients with CRC has not yet been reported. In addition, as a small molecular targeting inhibitor of C-myc which is associated with the progression of cancer, 10,058-F4 has been recognized as a potent molecular targeting drug for the treatment of a variety of tumors \[[@CR9]--[@CR12]\]. It is still unknown whether 10,058-F4, which inhibits the interaction of C-myc/MAX, can indirectly suppress the expression of CIP2A by disrupting the interaction of CIP2A/C-myc in patients with CRC.

Based on the results of current studies, we examined the expression of CIP2A in CRC cell lines and samples of patients with CRC, and identified the signaling pathways associated with it using a xenograft tumor model and phosphokinase array in CRC cell lines. Additionally, the effects of 10,058-F4 on the biological behavior of CRC cells and the expression of CIP2A were investigated. The results of this study could help elucidate the signaling pathways associated with the molecular mechanisms of CIP2A, rendering it as a promising target protein for the treatment of CRC.

Materials and methods {#Sec2}
=====================

Cell culture and treatment {#Sec3}
--------------------------

Some kinds of CRC cell lines (SW620, HCT116, LoVo, HT29 and DLD1) were obtained from the Culture Collection of the Chinese Academy of Science (Shanghai, China), cultured in RPMI 1640 medium or DMEM (Invitrogen) supplemented with 10% FBS, and incubated under conditions of 5% CO~2~ at 37 °C.

Patients and specimens {#Sec4}
----------------------

A total of 390 paraffin-embedded samples of CRC tissues were obtained from the Department of Pathology, the Sixth Affiliated Hospital of Sun Yat-sen University (Guangzhou, P. R.China) between January 2000 and November 2006. Additionally, some specimens were collected for conducting quantitative RT-PCR (qRT-PCR) (26 pairs of fresh CRC and normal adjacent tissues) and the enzyme-linked immunosorbent assay (ELISA) (sera from 63 patients with CRC before surgery and 16 normal individuals). The study was approved by the Institute Research Medical Ethics Committee of Sun Yat-Sen University. Surgical staging was performed based on the criteria proposed by the International Union Against Cancer (UICC).

Tissue microarray (TMA) and immunohistochemistry (IHC) {#Sec5}
------------------------------------------------------

The TMA was constructed as described previously \[[@CR13]\]. According to the manufacturer's protocol, the Envision System with diaminobenzidine (DAKO Cytomation, Glostrup, Denmark) was used for IHC staining.

The TMA tissue blocks were cut into sections of 5-μm sections and incubated with the anti-CIP2A (Santa Cruz, CA) antibody. The staining index (values 0--12) was calculated based on its intensity (strong, 3; moderate, 2; weak, 1; or negative, 0 scores) and the proportion of positively stained CIP2A was determined and scored (\< 25%, 1; 25--50%, 2; \> 50--75%, 3; ≥75%, 4 scores). A staining index of \> 6 was considered to indicate high expression. The samples were assessed independently by two pathologists.

qRT-PCR {#Sec6}
-------

Total RNA from the samples of CRC and cell lines was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. The first strand of complementary DNA (cDNA) was reverse transcribed using the SuperScript First-Strand cDNA System (Invitrogen) and amplified using PCR. The mRNA of β-actin was used as the reference gene and the experiment was performed in triplicates. The primer pairs used for qRT-PCR were as follows:

CIP2A, For: 5′-GAACAGATAAGAAAAGAGTTGAGCATT-3′,

Rev.: 5′-CGACCTTCTAATTGTGCCTTTT-3′.

RNA interference, MTT assays and colony formation {#Sec7}
-------------------------------------------------

According to the manufacturer's instructions, the siControl and siRNA for CIP2A obtained from Dharmacon (Chicago, IL, USA) were transfected into cells using DharmaFECT 1 (ThermoFisher Scientific). The efficacy of siRNA at the mRNA and protein levels was evaluated 48 h after transfection.

For the MTT assay, 3 × 10^3^ cells of DLD1 and HT29 treated with siRNA were seeded onto 96-well plates and cultured for 24 h. Then, 20 μl of a solution of 5 mg/ml MTT (final concentration, 0.5 mg/ml) was added to each well and incubated for 4 h at 37 °C. Finally, the absorbance was measured at 490 nm using a microplate reader.

For the colony formation assay, DLD1 and HT29 cells transfected with siRNA were plated onto cell culture dishes, with a diameter of 6 cm, at a density of 500 cells/well and maintained for 12 d. Visible colonies (containing \> 50 cells) were identified through Giemsa staining.

Elisa {#Sec8}
-----

The serum antibody against CIP2A was evaluated using ELISA \[[@CR14]\]. Briefly, 96-well microtiter plates were coated for 24 h with 2 μg/ml of CIP2A diluted in phosphate buffered saline (PBS) and incubated for 24 h at 4 °C. The plate was sealed using gelatin and the solution was allowed to stand at room temperature for 2 h. The antigen-coated wells were incubated with human serum diluted to 1:200 with PBS and incubated at room temperature for 2 h. The substrate 2,2′*-*azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Invitrogen) and anti-human IgG-HRP (Invitrogen, NY) were used for detection reagent. The optical density (OD) was measured at a wavelength of 405 nm and a standard curve was obtained using the provided standards and used to identify the quantity of CIP2A in each serum sample. The experiment was repeated thrice and the average values were noted.

CIP2A shRNA depletion in CRC cell lines {#Sec9}
---------------------------------------

The Open Biosystems Expression Arrest GIPZ Lentiviral shRNAmir system (cat. no. RHS4430--98912354) was used to construct DLD1 and HT29 cells with shRNA depletion according to the manufacturer's protocol. The packaging vectors (pCMV∆R8.2 and pHCMV-G) were transfected at concentrations of 5 μg into 5 × 10^5^ 293FT cells together with 10 μg of pGIPZ-CIP2A shRNA. After 48 and 72 h, the supernatants containing the viruses were collected and filtered. DLD1 and HT29 cells were infected with the CIP2A lentivirus and the infected cells were selected using 2.5 μg/μl of puromycin 24 h later (Sigma-Aldrich, St. Louis, MO).

10,058-F4 treatment, viability assay, analysis of cell cycle and apoptosis {#Sec10}
--------------------------------------------------------------------------

DLD1 and HT29 cells in the 96-well microplates (6000 cells/well) were treated with different concentrations of 10,058-F4 (Sigma, St. Louis, MO, USA) diluted in dimethylsulfoxide (DMSO), and incubated for 24, 48, and 72 h. Then, cells from each well were solubilized using 150 μl DMSO after incubation with the MTT reagent for 4 h, and absorbance of the samples was measured using a microplate reader at a wavelength of 570 nm.

DLD1 and HT29 cells (3 × 10^5^ cells/well) were treated with different concentrations of 10,058-F4 (25 μmol/L, 50 μmol/L and 100 μmol/L) in 6-well plates for 24 h. The treated cells were harvested, fixed overnight in cold 70% ethanol at 4 °C, washed twice with chilled PBS, incubated with 100 μl RNAase (final concentration, 20 μg/ml) at 37 °C for 30 min, and stained using 400 μl of propidium iodide (PI; final concentration, 50 μg/ml) for 30 min. The labeled cells were analyzed by flow cytometry using the ModFit Software (Verity Software House Inc., USA). Additionally, the fluorescein isothiocyanate-labeled AnnexinV/propidium iodide Apoptosis Detection Kit was used to analyze the apoptosis of DLD1 and HT29 cells treated with 10,058-F4 according to the manufacturer's instructions. A FACScan flow cytometer with The Cell Quest software was used for data acquisition and analysis. The following proteins were evaluated by western blotting: CIP2A (Santa Cruz, CA), C-myc (Cell Signaling, USA), Bcl-2 (Cell Signaling, USA), Bax (Cell Signaling, USA), Cyclin D1 (Cell Signaling, USA), p21 (Cell Signaling, USA), p27 (Cell Signaling, USA) and β-actin (Santa Cruz).

Effects of CIP2A depletion on tumor growth in a xenograft tumor model {#Sec11}
---------------------------------------------------------------------

All of the 4-w-old male BALB/c nude mice used in this experiment were purchased from the Medical Experimental Animal Center of Guangdong Province (Guangzhou, China). The procedures performed on the animals were approved by the institutional ethical guidelines provided by the Animal Ethics Committee of the Sun Yat-sen University. DLD1 and HT29 cells stably expressing shCIP2A or scrambled control shRNA were injected into the dorsal flank of each mouse at concentrations of 1 × 10^6^ cells/injection site. The tumor volume was measured as follows: (length × width^2^)/2. The development of tumors was examined every 3 d and the mice were sacrificed after 4 w. The excised tumors were fixed and expressions of CD34 (Dako, USA) and VEGF (Santa Cruz, CA) were determined through IHC.

Phosphokinase array {#Sec12}
-------------------

To identify the relative levels of phosphorylation at the 46 kinase phosphorylation sites, the Proteome Profiler Human PhosphoKinase Array Kit (ARY003B, R&D Systems) was used in the DLD1 and HT29 cells transfected with the control and CIP2A-specific shRNAs according to the manufacturer's instructions. The resulting spots were identified and images were quantified using the Image lab software (Bio-Rad) and Microsoft Excel software. The proteins were evaluated through western blotting, which were identified as follows: p53 (Abcam), p-p53 (S392) (Abcam), STAT5a (Cell Signaling, USA), p-STAT5a (Y694) (Cell Signaling, USA), Cyclin D1 (Cell Signaling, USA), Bax (Cell Signaling, USA), p21 (Cell Signaling, USA), p-AKT (T308) (Cell Signaling, USA), AKT (Cell Signaling, USA), p-ERK1/2 (Cell Signaling, USA), ERK1/2 (Cell Signaling, USA), and β-actin (Santa Cruz).

Statistical analysis {#Sec13}
--------------------

Each experiment was performed at least in triplicates. The data are presented as the mean ± SD. The relationship between the expression of CIP2A and clinicopathologic variables of patients with CRC was analyzed through the X^2^ test. The Kaplan--Meier method and log-rank test were used to assess survival rates, and hazard ratios (HRs) were calculated using the Cox proportional hazard regression models. Independent prognostic factors were tested using the multivariate Cox regression analysis. All statistical analyses were performed using the SPSS 11.0 software and *P* values of \< 0.05 were considered to be statistically significant.

Results {#Sec14}
=======

Expression of CIP2A in clinical tissue specimens and cell lines {#Sec15}
---------------------------------------------------------------

The qRT-PCR was employed to identify the expression of CIP2A mRNA in the clinical tissue samples. Of the 26 paired specimens collected from the patients with CRC, the frequency of CIP2A expression was found to be significantly elevated in the CRC tissues (21/26, 80.7%) compared to the corresponding normal tissues (4/26, 15.3%; *P* \< 0.05; Fig. [1](#Fig1){ref-type="fig"}a). Consistent with this result, expression of the CIP2A protein was also found to be significantly higher in the CRC tissues than in the corresponding normal tissues (Fig. [1](#Fig1){ref-type="fig"}b, c). Additionally, we determined the levels of CIP2A mRNA in various CRC cell lines. As shown in Fig. [1](#Fig1){ref-type="fig"}d, the expression of CIP2A mRNA was relatively higher in the CRC cell lines HCT116, HT29, and DLD1. Western blot analysis using the anti-CIP2A antibody revealed a single band at approximately 90 kDa. The CIP2A protein was expressed in all five CRC cell lines with evident differential expressions and was relatively higher in the HCT116, HT29, and DLD1 (Fig. [1](#Fig1){ref-type="fig"}e, f). Fig. 1Expression levels of CIP2A in CRC cell lines and clinical samples. **a**, **b** Expression levels of CIP2A mRNA and protein in CRC tumor tissues (T) and normal tissues (N); (**d**, **e**) Expression levels of CIP2A mRNA and protein in CRC cell lines. (**c**, **f**) Statistical plots showing the relative proteins expression in CRC tissues sample and cell lines, respectively. \**P* \< 0.05 compared to the control using Student's *t*-test

Correlation of the expression of the CIP2A protein with the clinicopathologic parameters and survival analysis {#Sec16}
--------------------------------------------------------------------------------------------------------------

IHC analysis was carried out to determine the expression of CIP2A on the microarray of CRC and the corresponding normal tissues. We observed that CIP2A was not expressed in the adjacent non-cancerous tissues (Fig. [2](#Fig2){ref-type="fig"}c, f). Contrarily, the expression of CIP2A was high in the CRC tissues (Fig. [2](#Fig2){ref-type="fig"}a, b, d, and e). We further analyzed the correlation between the expression of CIP2A and the clinicopathologic features of CRC. As summarized in Table [1](#Tab1){ref-type="table"}, the expression of CIP2A was significantly associated with the stage of TNM (*P* = 0.010) and levels of preoperative CEA (*P* = 0.011). No significant correlation was observed between the expression of CIP2A and the gender, age, location, T stage, and N stage of patients (Table [1](#Tab1){ref-type="table"}). Additionally, the Kaplan--Meier survival analysis revealed that the patients whose localized CRC highexpressed CIP2A had a significantly lower 5-year DFS and OS than patients with low CIP2A expression in their tumors (Fig. [2](#Fig2){ref-type="fig"}g, h). Furthermore, based on the univariate and multivariate analyses, the CIP2A, liver metastasis, TNM stage and preoperative CEA level were statistically significantly associated with DFS and OS (all *P* \< 0.05, Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}). Fig. 2Expression levels of CIP2A and survival of patients with CRC. **a**, **d** Strong staining: brown (A: 40×; D: 200×); (**b**, **e**) Weak staining: light yellow (B: 40×; E: 200×); (**c**, **f**) Negative staining (C:40×; F:200×); The scale bars are 200 μm (**a**, **b**, **c**) and 50 μm (**d**, **e**, **f**), respectively; (**g**-**h**) Patients with high CIP2A expression (*n* = 194) had poorer OS and DFS than patients with low CIP2A expression (*n* = 196)Table 1Correlation between CIP2A expression and clinicopathologic characteristics of patients with CRC (*n* = 390)CharacteristicsCasesCIP2A protein***P***Low expressionHigh expression**Gender**0.091 Female1769779 Male21413678**Age**0.838 ≥ 651649767 \< 6522613690**Location**0.304 Colon20012674 Rectum19011080**T stage**0.395 T1-T21066739 T3-T4284166118**N stage**0.253 N023714493 N1-N21538469**M stage**0.869 M0344205139 M1462818**TNM stage**0.010 I-II22714879 III-IV1638578**Histological grade**0.357 Well473116 Moderately309179130 Poorly342311**CEA**0.011 ≥ 51617487 \< 522913594**CA19--9**0.057 ≥ 371034855 \< 37287165122**Family history**0.291 No375224151 Yes15114**Liver metastasis**0.291 No368220148 Yes22139Table 2Univariate and multivariate analyses of prognostic factors for 5-year DFS of patients with CRCVariableUnivariate analysisMultivariate analysis***P***5 year-DFS***P***HRCL (95%)**Gender**0.190NS Female72.0 Male74.4**Age**0.989NS ≥ 6575.0 \< 6570.6**Location**0.967NS Colon73.0 Rectum72.8**T stage**0.011NS T1-T279.2 T3-T469.7**N stage**0.002NS N080.7 N1-N261.7**M stage**0.033NS M073.7 M161.6**TNM stage**0.0000.010 I-II77.71 III-IV64.71.1140.877--1.414**Histological grade**0.450NS Well77.5 Moderately72.0 Poorly69.0**CEA**0.0190.000 ≥ 568.01 \< 580.00.4220.271--0.657**CA19--9**0.164NS ≥ 3770.0 \< 3779.9**Family history**0.653NS No73.2 Yes69.2**Liver metastasis**0.0000.000 No76.01 Yes13.611.1296.382--6.312**CIP2A**0.0070.042 Low expression77.71 High expression63.31.4781.014--2.155Table 3Univariate and multivariate analyses of prognostic factors for 5-year OS of patients with CRCVariableUnivariate analysisMultivariate analysis***P***5 year-OS***P***HRCL (95%)**Gender**0.551NS Female70.6 Male75.2**Age**0.856NS ≥ 6574.6 \< 6572.8**Location**0.644NS Colon74.7 Rectum73.5**T stage**0.007NS T1-T282.4 T3-T468.1**N stage**0.013NS N078.1 N1-N263.6**M stage**0.041NS M074.4 M162.1**TNM stage**0.0010.030 I-II79.01 III-IV65.61.2631.023--1.559**Histological grade**0.561NS Well81.9 Moderately72.2 Poorly75.0**CEA**0.0300.000 ≥ 569.61 \< 580.30.4100.256--0.646**CA19--9**0.323NS ≥ 3771.7 \< 3779.2**Family history**0.619NS No74.5 Yes69.2**Liver metastasis**0.0000.000 No77.31 Yes12.810.7186.011--19.111**CIP2A**0.0020.024 Low expression79.31 High expression64.21.5651.060--2.310

Knockdown of CIP2A in CRC cell lines inhibits cell proliferation {#Sec17}
----------------------------------------------------------------

To identify whether CIP2A inhibits the proliferation of CRC cells, we determined the levels of its expression in several CRC cell lines and found that it was relatively higher in HCT116, HT29, and DLD1 cells. The siRNA knockdown was carried out in DLD1 and HT29 cell lines. As shown in Fig. [3](#Fig3){ref-type="fig"}a-c, the expression of CIP2A mRNA and protein was clearly inhibited in the DLD1 and HT29 cells of the group infected with CIP2A siRNA. The rate of cell proliferation was determined using the MTT assay. A significant decrease in proliferation was observed in the DLD1 and HT29 cells treated with the CIP2A siRNA compared to those with negative siRNA (Fig. [3](#Fig3){ref-type="fig"}d, e). Consistent with the MTT results, the results of the colony formation assay also revealed that the knockdown of CIP2A in DLD1 and HT29 cells led to a significant decrease in the number of foci (*P* \< 0.05, Fig. [3](#Fig3){ref-type="fig"}f-i). Fig. 3Effects of CIP2A depletion on its expression and proliferation of CRC cells in vitro. **a-c** Effects of CIP2A siRNA on CIP2A mRNA and protein expression in HT29 and DLD1 cells detected by RT-PCR (**a**, **b**) and western blot analysis (**c**); **d-i** Effects of CIP2A siRNA on the cell proliferation (**d**, **e**) and anchorage-independent growth (**f-i**) of HT29 and DLD1 cells (*n* = 3 for each cell line). \**P* \< 0.05 compared to the control using Student's *t*-test

Effects of 10,058-F4 on the biological behavior of CRC cells and expression of CIP2A {#Sec18}
------------------------------------------------------------------------------------

We first examined the effect of 10,058-F4 on CRC cells using the MTT assay. DLD1 and HT29 cells were found to be sensitive to 10,058-F4 in a time and concentration-dependent manner (Fig. [4](#Fig4){ref-type="fig"}a). The treatment with 10,058-F4 led to an increase in the accumulation of cells in the G1 phase in both cell lines (Fig. [4](#Fig4){ref-type="fig"}b, c), which was consistent with the suppression of growth observed during the MTT assays. Simultaneously, the percentages of DLD1 and HT29 cells undergoing late apoptosis had increased significantly in a dose-dependent manner (Fig. [4](#Fig4){ref-type="fig"}d, e). Fig. 4Effects of C-myc inhibitor 10,058-F4 on HT29 and DLD1 cells. **a** HT29 and DLD1 cells were treated with various concentrations of 10,058-F4 for 48 h and analyzed using the MTT assay. HT29 and DLD1 cells were treated with 50 μmol/l of 10,058-F4 for the indicated time and analyzed using the MTT assay; **b**, **c** HT29 and DLD1 cells were treated with 10,058-F4 for 48 h and analyzed using the flow cytometry for cell cycle analysis; **d**, **e** HT29 and DLD1 cells were treated with 10,058-F4 for 48 h and analyzed using the flow cytometry for the Annexin V-PI analysis; **f** Expression of the CIP2A, C-myc, Bcl-2, Bax, Cyclin D1, p21 and p27 proteins in CRC cells treated with 10,058-F4 was detected by western blotting. \**P* \< 0.05 compared to the control using Student's *t*-test

To elucidate the mechanisms underlying cell cycle arrest and apoptosis, the expressions of associated proteins were examined. As is shown in Fig. [4](#Fig4){ref-type="fig"}f, we found that the expression of C-myc decreased significantly due to the effect of 10,058-F4 in a concentration-dependent manner. Interestingly, inhibition of C-myc led to a decrease in the levels of CIP2A. The expression levels of p21 and p27 increased and no significant change was observed in the expression level of Cyclin D1. Additionally, the activity of Bax, which plays a key role in apoptosis, had increased after treatment with 10,058-F4. However, an opposite trend was observed in the expression of the Bcl-2 protein.

Expression of serum CIP2A and its correlation with prognosis of CRC in patients {#Sec19}
-------------------------------------------------------------------------------

The concentrations of CIP2A had significantly increased in the sera of patients with CRC, compared to normal individuals (9.140 ± 0.937 vs. 1.659 ± 0.375 ng/mL, respectively; *P* = 0.000; Fig. [5](#Fig5){ref-type="fig"}a). The levels of CIP2A were found to be higher in the sera of patients with late stage CRC (III and IV) than in those with early stage (I and II) CRC (11.00 ± 1.62 ng/mL vs. 7.334 ± 0.875 ng/mL, respectively; *P* = 0.000; Fig. [5](#Fig5){ref-type="fig"}b). Additionally, the patients could be categorized into two groups, which included those with low or high levels of CIP2A in their sera, using the median expression level of all cases as the cut-off point. We analyzed that no significant correlation existed between the expression levels of CIP2A and the gender, age, location, T stage, and N stage of the patients (Table [4](#Tab4){ref-type="table"}). Multivariate analyses revealed that only the T stage was an independent prognostic indicator of CRC in patients (*P* \< 0.05, Table [5](#Tab5){ref-type="table"}). The Kaplan--Meier analysis revealed that the survival trends in patients with low levels of serum CIP2A were favorable (*P* = 0.043, Fig. [5](#Fig5){ref-type="fig"}c). The mean survival rates for patients with low and high levels of serum CIP2A were 66.75 (95% CI, 60.272--73.230) and 51.43 (95% CI, 38.253--64.610) months, respectively. We observed a positive correlation between the levels of CIP2A and CEA (r = 0.353, *P* = 0.009, Fig. [5](#Fig5){ref-type="fig"}d), CIP2A and CA199 (*r* = 0.415, *P* = 0.002, Fig. [5](#Fig5){ref-type="fig"}e), but not CIP2A and CA125 (*r* = 0.074, *P* = 0.597, Fig. [5](#Fig5){ref-type="fig"}f). Fig. 5Evaluation of the expression of CIP2A in the sera of patients with CRC and its clinical significance. **a** The comparison of the level of CIP2A in CRC group and control; **b** The comparison of the level of CIP2A in different stage of CRC; **c** Patients with high serum CIP2A expression (*n* = 24) had poorer OS than patients with low serum CIP2A expression (*n* = 39); **d-f** The relationships between the expression of CIP2A in the sera of CRC patients and CEA (D), CA19--9 (**e**), and CA12--5 (**f**)Table 4Correlation between serum CIP2A and clinicopathologic characteristics of patients with CRC (*n* = 63)CharacteristicsCasesCIP2A protein***P***Low expressionHigh expression**Gender**0.960 Female372314 Male261610**Age**0.967 ≥ 65251510 \< 65382315**Location**0.163 Colon17710 Rectum462818**T stage**0.775 T1-T2352015 T3-T4281711**N stage**0.907 N0402218 N1-N2231310**M stage**0.407 M0372116 M1261214**TNM stage**0.509 I-II372314 III-IV261412**Histological grade**0.368 Well26179 Poorly-Moderately372017**CEA**0.002 ≥ 51028 \< 5533815**CA19--9**0.014 ≥ 3714410 \< 37493217Table 5Univariate and multivariate analyses of association of baseline prognostic factors with 5-year OS of patients with CRCVariableUnivariate analysisMultivariate analysis***P***5 year-OS***P***HRCL (95%)**Gender**0.231NS Female82.8 Male69.6**Age**0.256NS ≥ 6561.3 \< 6579.1**Location**0.166NS Colon60.2 Rectum73.7**T stage**0.0000.029 T1-T290.01 T3-T449.88.9051.256--63.182**N stage**0.004NS N081.11 N1-N250.06.2250.454--85.377**M stage**0.000NS M078.11 M134.36.3830.905--45.004**TNM stage**0.001NS I-II86.91 III-IV26.40.1950.009--4.458**Histological grade**0.124NS Well90.9 Moderately72.7 Poorly48.5**CEA**0.003NS ≥ 534.31 \< 576.71.3440.269--6.711**CA19--9**0.117NS ≥ 3754.5 \< 3767.1**CIP2A**0.0430.052 Low expression75.41 High expression57.44.3010.988--18.725

Effects of CIP2A depletion on tumor growth {#Sec20}
------------------------------------------

To detect whether CIP2A silencing had influenced the growth of tumors in vivo, the CIP2A-shRNA and control vectors were transfected into HT29 cells, which were then subcutaneously injected into the right flank of each nude mouse at concentrations of 1 × 10^6^ cells. We observed that the proliferation rate of the cells in the group with CIP2A depletion was lower and had resulted in the formation of substantially smaller tumors than those in the control groups. The average tumor volumes and weights in the CIP2A-shRNA group had also prominently decreased compared to those in the control group (Fig. [4](#Fig4){ref-type="fig"}a-c). Furthermore, IHC on the xenografts was carried out using CD34 and VEGF, which are markers for tumor angiogenesis. As shown in Fig. [6](#Fig6){ref-type="fig"}d--f, a strong activity for CD34 and VEGF was observed in the vessels of the CIP2A-control tumors. Therefore, we observed that these findings were consistent with the results of the cell proliferation assay, which indicated that CIP2A is involved in the progression of CRC. Fig. 6Effects of CIP2A depletion on the CRC xenograft tumor growth in vivo. **a** HT29 cells stably expressing shCIP2A or scrambled control were subcutaneously injected into nude mice. HT29 cells stably expressing shCIP2A had smaller tumors than scrambled controls after 4 w; **b** The growth curves of tumor volumes; **c** Tumor weights; **d** Application of IHC to detect the expressions of CD34 and VEGF in different groups of xenograft tumors (*n* = 10/group); **e**, **f** Statistical plot showing the relative protein expression of CD34 and VEGF in different groups (*n* = 10/group) of xenograft tumors, respectively. \**P* \< 0.05 compared to the control using Student's *t*-test

Determination of the protein phosphorylation patterns associated with CIP2A {#Sec21}
---------------------------------------------------------------------------

Currently, the signaling pathways associated with CIP2A in CRC, are not well known. Thus, the phosphorkinase array was set up. In Fig. [7](#Fig7){ref-type="fig"}a, b, we can observe that the number of phosphorylated proteins with a decreased expression were 17 and 26, of which, 8 and 22 types demonstrating a decrease in the phosphorylation levels over 20% were observed in HT29 and DLD with CIP2A shRNA, respectively ([Supplementary Table S1](#MOESM2){ref-type="media"}). Additionally, 8 types of phosphorylated proteins with decreased expressions were observed, which were as follows: p53 (S392), MSK1/2 (S376/S360), p53 (S46), AMPK α2 (T172), STAT2 (Y689), STAT5a (Y694), STAT6 (Y641), and PDGF Rβ (Y451) in both cells, of which, the levels of 3 proteins including p53 (S392), MSK1/2 (S376/S360), and STAT5a (Y694) had decreased by over 20% at the same time. Fig. 7Illustration and representative image of the phosphokinase antibody array using lysates of CRC cells with scramble control and CIP2A-shRNA. **a** Detection of phosphorylated proteins in CRC cells with scramble control and CIP2A shRNA using the phosphokinase array; The 1 and 2 in the box represents STAT5a (Y694) and p53(S392) respectively; **b** Statistical plot showing the relative expressions of phosphorylated proteins (*n* = 2/group) associated with CIP2A; **c** The p-p53 (S392) and p-STAT5a (Y694) were identified by western blotting and each western analysis was repeated for three times or more

Based on our experimental results and previously available data in literature, some of these proteins were selected for verification. As shown in Fig. [7](#Fig7){ref-type="fig"}c, the differential expression and total levels of p-p53 (S392), p-STAT5a (Y694) could be easily determined. Additionally, we found that the protein levels of Cyclin D1 in CIP2A-shRNA had decreased, while those of p21 and Bax had increased. The level of ERK1/2 and AKT (T308) phosphorylation were significantly inhibited in HT29 cells with CIP2A-shRNA (Fig. [8](#Fig8){ref-type="fig"}). Fig. 8Effect of the CIP2A shRNA on the expression of proteins associated with the cell cycle and apoptosis in HT29 cells. Western blot analysis revealed that the depletion of CIP2A is associated with an increased expression of p21 and Bax, decreased expression of Cyclin D1, and phosphorylation of ERK1/2 and AKT (T308) in HT29 shRNA cells

Discussion {#Sec22}
==========

CIP2A is a recently identified biomarker, which can inhibit the activity of PP2A in the malignant tissues of humans. Although we identified that CIP2A acts as an oncoprotein in the CRC tissues compared to normal tissues, using IHC in 2013, the underlying mechanisms of its function in the development of CRC were not entirely clear \[[@CR15]\]. In this study, we determined that the mRNA and protein expressions of CIP2A were higher in the CRC tissues than in the corresponding normal tissues. Remarkably, the OS and DFS were better in patients with CRC expressing low levels of the CIP2A protein than those expressing high levels of the protein. Multivariate Cox regression analysis revealed that among the variables analyzed, the expression of CIP2A was an independent prognostic parameter for OS and DFS. This observation was broadly consistent with the data available in literature \[[@CR16]--[@CR18]\]. Based on the data described above, it is probable that determining the expression of CIP2A through IHC could serve as one of the ways for identification of patients with an increased risk of invasion and metastasis of CRC.

In addition to its biological significance in the promotion of the malignant transformation of human cells, CIP2A also plays important roles in the development of cancers. A previous study has demonstrated that CIP2A could regulate the cell cycle by targeting the polo-like kinase (Plk1) and protect cancer cells from apoptosis and senescence. The Plk1 was shown to be an essential role in multiple steps of mitosis \[[@CR19]\]. Importantly, the knockdown of CIP2A using siRNAs could inhibit the tumor growth of nasopharyngeal carcinoma in xenografts \[[@CR20]\]. Similarly, we also found that silencing the expression of CIP2A suppressed CRC cell proliferation, growth and xenograft tumor growth in vivo. Moreover, the differences in the expressions of VEGF and CD34 between the experimental and control groups were found to be statistically significant (*P* \< 0.05). Both proteins are related to the histological grade and biological behavior of CRC cells, which can be used as important reference indices for the prognosis of the disease \[[@CR21]\]. It has been suggested that CIP2A may regulate its expression, enhance the biological activity, and further promote the proliferation of vascular endothelial cells and smooth muscle cells and increase the blood supply in tumors, which not only supports the growth of these cells, but also creates favorable conditions for their diffusion and metastasis, the underlying mechanisms of which require further study.

The critical role of C-myc in the development of cancers and its interference with the effects of anticancer drugs has increased the demand for the innovation and application of small molecule inhibitors of C-myc in targeted therapies \[[@CR22]\]. The findings of our current study were consistent with those reported in the previously published studies \[[@CR23]--[@CR25]\], in which, 10,058-F4 was found to be effective in inhibiting the proliferation of CRC cells and inducing their apoptosis. Interestingly, expression of the CIP2A protein had decreased with an increase in the concentration of 10,058-F4. Combined with the data of previous studies, in which, CIP2A siRNA had decreased the levels of C-myc \[[@CR26], [@CR27]\], the data support the concept that C-myc and CIP2A can stabilize each other by mutual protection from proteolytic degradation at the protein level. Additionally, these results demonstrated that the inhibition of C-myc using either 10,058-F4 or siRNA results in a decrease in the levels of CIP2A in CRC cells. Therefore, further research needs to be conducted on the inhibition of C-myc, particularly because it is a surrogate target of CIP2A.

Compared with the method of histological tumor-specific index detection, serum samples are more convenient to obtain and easy to be popularized and applied in clinical practice, which has better feasibility for long-term follow-up and detection of tumor patients. Although many candidate biomarkers have been identified for this purpose, current biomarker detection assays are not sensitive or specific to provide an early and reliable diagnosis \[[@CR28]--[@CR30]\]. In this regard, efforts to discover new cancer biomarkers still continue. The presence of CIP2A autoantibodies has been detected in the serum of patients with some cancers \[[@CR31]\]. However, to date, the presence of anti-CIP2A autoantibodies in patients with CRC has not been reported. In our study, the mean titer of autoantibodies against CIP2A was significantly higher in the sera of patients with CRC than in the sera of normal individuals. Among the large number of tumor markers associated with CRC, CEA and CA19--9 are the ones most commonly used markers in clinical studies \[[@CR32]--[@CR34]\]. It has been proven that methods involving the combined use of several tumor markers are better for diagnosing and monitoring CRC than those employing any single marker. We determined that a significant and positive correlation exists between the levels of CIP2A with those of CEA, CA19--9, and the clinical stages, suggesting that CIP2A plays a role in the development of CRC. However, no significant correlation between CIP2A and the prognosis of CRC in patients was observed. A small sample size could be the problem underlying this observation. Therefore, to further assess if CIP2A could be a specific marker for the diagnosis of CRC, ideally, future projects should involve analysis of a greater number of serum samples to verify.

The mechanisms of CIP2A activation and overexpression in cancer cells have been investigated by several studies, in which some pathways were found to be associated with development of cancer, such as PI3K/mTOR and MAPK/ERK signaling pathway \[[@CR27], [@CR35]\]. In the current study, we profiled the phosphokinase signaling pathways associated with CIP2A in different cell lines of CRC and found p-p53 (S392) and p-STAT5a (Y694) to be associated with the depletion of CIP2A expression. According to the data reported in reference studies, the p-p53 (S392) could be associated with an advanced tumor stage \[[@CR36], [@CR37]\] and p-STAT5a (Y694) could induce the overexpression of target genes resulting in increased growth and invasion ability of breast cancer cells \[[@CR38]\]. Furthermore, based on our results of western blotting combined with those of previous reference studies \[[@CR16], [@CR39]--[@CR41]\], we could identify that the extent of phosphorylation of ERK1/2 and AKT (T308) had decreased in the HT29 shRNA group. These results were different from those of our previous phosphorkinase arrays, which may be due to the differences in our experimental procedures, samples, and reagents. Additionally, some phenomena were found to be consistent with those observed in our former study, in which the expression of Cyclin D1 had clearly been shown to be downregulated \[[@CR42]\]. In summary, these results have suggested that CIP2A could regulate cell proliferation and apoptosis via the involvement of multiple pathways and could potentially be used as a drug target for the treatment of CRC.

Conclusions {#Sec23}
===========

In summary, our study describes the expression pattern of CIP2A in CRC tissues and suggests that an elevation in its levels could result in an invasive phenotype and poor prognosis of CRC. Anti-CIP2A autoantibodies could serve as potential biomarkers that could be used to diagnose CRC during clinical serological screening. Additionally, functional and mechanistic studies have indicated that CIP2A plays a key role in the establishment of CRC cells by regulating multiple signaling pathways. Based on the results presented here, we suggest that CIP2A could serve as a novel molecular target for diagnosing CRC.
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**Additional file 1 Table S1.** The number of phosphorylated proteins decreased in CRC cells with scramble control and CIP2A shRNA.

CIP2A

:   Cancerous inhibitor of protein phosphatase 2A;

CRC

:   Colorectal cancer;

qRT-PCR

:   Quantitative RT-PCR;

IHC

:   Immunohistochemistry;

ELISA

:   Enzyme-linked immunosorbent assay;

siRNA

:   Small interfering RNA-mediated depletion;

OS

:   Overall survival;

DFS

:   Disease-free survival;

HCC

:   Hepatocellular cancers

*shRNAs*

:   Short hairpin RNAs

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Wei Chen, Jing-Lin Liang, Kai Zhou and Qing-Li Zeng these authors have contributed equally to this work and should be jointly regarded the first.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s12964-020-00545-6.

Not applicable.

WC, J-LL and J-WY performed experiments; WC, J-LL, KZ, Q-LZ, J-WY and M-JH designed research, analyzed data and edited the manuscript for intellectual content. All authors read and approved the final manuscript.

Authors' information {#FPar1}
====================

Wei Chen, Jing-Lin Liang, Kai Zhou and Qing-Li Zeng contributed equally to this work.

Funding for this trial was generously provided by Guangdong Natural Science Foundation (2014A030310021); National Natural Science Foundation Project, Regional Science Foundation Project (Grant Number: 81260368); National Key Clinical Discipline.

Not applicable.

All participates provided informed written consent; and the animal protocol and human subject protocol involved in this study was approved by the institutional Review Board of Sun Yat-Sen University.

Not applicable.

The authors declare that they have no competing interests.
